An aphidicolin-resistant (Aphr) mutant of herpes simplex virus (HSV) type 2 strain 186 previously has been shown to induce an altered viral DNA polymerase that is more resistant to aphidicolin and more sensitive to phosphonoacetic acid (PAA) than is wild-type DNA polymerase. In this study the mutation responsible for the aphidicolin-resistant phenotype was physically mapped by marker transfer experiments. The physical map limits for the Aphr mutation were contained in a 1.1-kilobase pair region within the HSV DNA polymerase locus. The 1.1-kilobase-pair fragment of the Aphr mutant also conferred hypersensitivity to PAA, and DNA sequence analysis revealed an AT to GC transition within this fragment of the Aphr mutant. Analysis of the three potential open reading frames within the 1,147-base-pair fragment and comparison with the amino acid sequence of DNA polymerase of HSV type 1 indicated that the Aphr mutant polymerase had an amino acid substitution from a tyrosine to a histidine in the well-conserved region of the DNA polymerase. These results indicate that this single amino acid change can confer altered sensitivity to aphidicolin and PAA and suggest that this region may form a domain that contains the binding sites for substrates, PP1, and aphidicolin.
Herpes simplex virus (HSV) induces a novel DNA polymerase in infected cells that is immunologically and biochemically distinct from host cell DNA polymerase (18, 32) . The viral DNA polymerase has been purified and extensively characterized with respect to its substrate specificity, reaction optima, and kinetic behavior (18, 24, 32) . The major component of purified polymerase is a polypeptide with a molecular weight of about 140,000 that bears DNApolymerizing activity (18, 24) . To map the HSV DNA polymerase gene in the viral genome, a variety of temperature-sensitive or drug-resistant mutants have been isolated (4, 7-12, 16, 17) , and the viral DNA polymerase gene has been located in the region 0.413 to 0.434 on the physical map of HSV type 1 (HSV-1) strain KOS (3, 7, 8, 11) . Recently, the DNA sequences of this region of HSV-1 have been determined by Gibbs et al. (15) and Quinn and McGeoch (25) . The region contained the gene which included a 3,705-base-pair (bp) open reading frame that is capable of encoding a polypeptide with a molecular weight of approximately 137,000, which is in agreement with the previous estimated size of the major polypeptide of viral DNA polymerase.
Aphidicolin, a tetracyclic diterpenoid, effectively inhibits the activity of HSV DNA polymerase in vitro as well as the replication of HSV in cultures (13, (22) (23) (24) , although this compound has been known to be a highly specific inhibitor of eucaryotic a-type DNA polymerase (13) . We have recently isolated an aphidicolin-resistant (Aphr) mutant from HSV type 2 (HSV-2) using aphidicolin as the selective agent, and have shown that the mutant induces an altered viral DNA polymerase that has a reduced affinity to aphidicolin and an increased affinity to dCTP and dTTP compared with that of the parental wild type (22) . In addition, the Aphr mutant exhibited hypersensitivity to a PPi analog, phosphonoacetic acid (PAA). Thus, it may be reasonable to expect that the * Corresponding author. mutation occurs within or adjacent to the binding sites for aphidicolin, PP1, and substrates.
In this study we show by marker transfer experiments that a 1.1-kilobase-pair (kbp) region within the HSV DNA polymerase locus contains a mutation that confers altered sensitivity to aphidicolin. Furthermore, we compared the nucleotide sequences of this portion between Aphr and wild-type viruses and determined the mutation site that is responsible for the aphidicolin resistance phenotype.
MATERIALS AND METHODS Cells and virus. African green monkey kidney cells (Vero) were grown in Eagle minimal essential medium supplemented with 5% calf serum, 100 U of penicillin per ml, and 100 ,ug of streptomycin per ml. Human embryonic fibroblasts were prepared as described previously (20) and used for the assay of plating efficiency of viruses. Wild-type HSV-2 strain 186 was originally obtained from Fred Rapp, Pennsylvania State University College of Medicine, University Park, Pa. (21) . Isolation of the Aphr mutant has been described previously (22 Abbreviations: B, P-sheet; T, reverse turn.
were cleaved free of the vector or linearized by digestion with appropriate restriction enzymes, because this procedure has been shown to increase recombination efficiency (8) . The specific infectivity of wild-type DNA was usually 200 to 300 PFU/,ug of viral DNA. Vero cells that were at subconfluency in 25-cm2 flasks were transfected with 1 ml of a calcium phosphate precipitate containing 13 ,ug of salmon sperm DNA, 2 ,ug of intact wild-type DNA, and 5 ,ug of restriction enzyme-digested plasmid DNA derived from the Aphr mutant. The molar ratio of intact DNA to DNA fragments was varied from 1:25 to 1:350. Cells were exposed to the mixed DNA for 5 h and then shocked with 20% (vol/vol) dimethyl sulfoxide for 1 min to increase the efficiency of transfection (29) . The cultures were incubated at 37°C until total cytopathic effect was observed.
In 5 ,ug of aphidicolin per ml, the plating efficiency of the Aphr mutant was more than 1,000-fold higher than that of wild-type virus. Therefore, the progeny viruses from marker transfer experiments were tested for their ability to form plaques in 5 ,ug of aphidicolin per ml.
DNA sequence analysis. The 1.1-kbp EHX-c fragments ( Fig. 1) were derived from both aphicidolin-resistant and wild-type DNA and subcloned into BamHI-restricted pACYC184. Defined restriction fragments derived from EHX-c DNA were inserted into the cloning and sequening vectors M13 mplO, mpll, or mpl9 (27) . Following ligation and transformation of JM109 cells, the progeny M13 phages were plated under selective conditions, and putative recombinants were picked. Sequence analysis by the dideoxynucleotide triphosphate chain termination method (26) 16 -fold more efficiently than when no fragment was added, whereas the EHX-a and -b fragments did not (Fig. 2) . The progeny that acquired aphidicolin resistance in these transfections were also tested for sensitivity to PAA. While the plating efficiency of wild-type virus was 0.60 with 25 ,ug of PAA per ml, those of the Aphr mutant and the progeny Aphr mutant viruses were less than 0.05 (Table 1) . These results indicate that the EHX-c fragment confers altered sensitivity to both aphidicolin and PAA.
Comparative nucleotide sequence analysis of DNA polymerase locus specifying aphidicolin resistance. Marker transfer experiments showed that the mutation(s) specifying aphidicolin resistance are contained within the EHX-c region of the Aphr mutant DNA. To understand the phenotypic difference of aphidicolin sensitivity between the wild type and the Aphr mutant virus, we determined the nucleotide sequence for this portion. Figure 3 illustrates the nucleotide sequencing strategy for   FIG. 4 . Nucleotide sequence and deduced amino acid sequence of the EHX-c fragment containing the Aphr locus. The 1,147-bp fragment was sequenced by the dideoxynucleotide chain-termination method, and the amino acid sequence was deduced. The nucleotide and amino acid substitutions are boxed. Numbers on the right refer to the last nucleotide or amino acid in each line. Symbols: *, the nucleotide is different from the one that was present in HSV-1 strain KOS; underline, the amino acid is different from the one that was present in HSV-1 strain KOS; 0, the nucleotides were present in the HSV-2 sequence but were absent in the HSV-1 sequence; -3, three nucleotides were deleted in the HSV-2 sequence; parentheses, tandem repeats that were present in the HSV-2 sequence. Restriction sites for BamHI (B), EcoRI (E), BglII (G), KpnI (K), PvuII (P), and Sall (S) are indicated by arrows. (OriL) and the DNA polymerase; the vertical bar shows the locus of highly conserved amino acid sequences among animal DNA polymerases. The locations of mutations in dr'ug-resistant mutants PAAr5 (7, 9, 15) , PAArl (3, 11, 19) , PAA'2 (3, 4, 10) 2' NDGrl (11), ACGr4 (15), AraAr9 (15) , and Aphr are indicated at the bottom of the figure. The arrow represents the mutation site of the Aphr mutant virus that confers aphidicolin resistance.
the EHX-c DNA fragment in which EcoRI, BglII, PvuII, Sall, and BamHI sites were used. Small restriction enzyme fragments were cloned into appropriately cleaved M13 vectors, and single-stranded phage DNAs were used directly as templates for sequence analysis. The DNA sequence of the 1.1-kbp EHX-c fragment within the HSV DNA polymerase gene was thus determined by the dideoxy chain-termination method (Fig. 4) . Analysis of the three potential open reading frames of this portion and comparison of this DNA sequence with those recently determined for the DNA polymerase gene of HSV-1 (15, 25) revealed an open reading frame of 1,147 bp that was capable of encoding 382 amino acids. The two EHX-c fragments differed by a single-base change, an AT to GC transition, on the KpnI recognition site of the EHX-c fragment, and this single-base change resulted in the substitution of a tyrosine to a histidine (Fig. 4) .
DISCUSSION
Results of this study demonstrates that the Aphr mutation is physically mapped to a 1.1-kbp region within the DNA polymerase locus of HSV-2. (25) , 41 amino acid residues (starting at amino acid 695) containing the Tyr at residue 696 had 75% homology with the corresponding region of EBV DNA polymerase, while the overall amino acid homology was approximately 39% (Fig. 5) . The Aphr mutation site was exactly located at the left end (KpnI site at 0.415 map units) of the physical map limits of the PAAr5 and ACGr4 mutations and was separate from the PAA'l and AraAr9 mutations (Fig. 6) . Results of recent studies (14, 15, 25) have revealed the existence of a highly conserved region of 13 amino acids in the carboxyl-terminal end of HSV-1, EBV, adenovirus type 2, and vaccinia virus DNA polymerases. The position of the Tyr-His change, however, was located 185 amino acid residues before the highly conserved region, which began at amino acid 881 on the HSV-1 pol peptide. These observations suggest that regions spanning the entire carboxylterminal portion of the predicted polymerase polypeptide may contribute to the formation of the binding site(s) for substrates and aphidicolin.
The change of Tyr to His seems to be relatively conservative, but histidine is a basic amino acid and is less hydrophobic than tyrosine (28) . When we predicted the secondary structure in the region around the Aphr mutation site by the method of Chou and Fasman (6), the region around Tyr at residue 286 of wild-type DNA polymerase seemed likely to form a reverse turn flanked by ,-sheet structures (Fig. 5) , and the substitution to His would be expected to make it relax. Although our data suggest that altered properties of Aphr DNA polymerase are attributed to a single amino acid change, we cannot at present fully account for the significance of this substitution.
It has been reported that HSV-1 DNA polymerase internally contains two major insertions relative to the predicted EBV DNA polymerase (15, 25) , one of which consists of 49 residues starting at residue 646 in the HSV-1 DNA polymerase. The corresponding region (residues 232 to 284 of the EHX-c sequence) of HSV-2 DNA polymerase contained two copies of tandem repeat consisting of 12 nucleotides (4 amino acid residues) and an addition and deletion change and exhibited relatively low homology with the 49-aminoacid region of HSV-1. This region is particularly hydrophilic, so it is likely that it is located on the surface of the HSV DNA polymerase molecule. From these observations, it seems reasonable to speculate that this region may be dispensable for the polymerizing activity, although it lies near the Aphr mutation site.
